Compared to freshwater and the open ocean, less is known about bacterioplankton community structure and spatiotemporal dynamics in estuaries, particularly those with long residence times. The Chesapeake Bay is the largest estuary in the United States, but despite its ecological and economic significance, little is known about its microbial community composition. A rapid screening approach, ITS (internal transcribed spacer)-LH (length heterogeneity)-PCR, was used to screen six rRNA operon (16S rRNA-ITS-23S rRNA) clone libraries constructed from bacterioplankton collected in three distinct regions of the Chesapeake Bay over two seasons. The natural length variation of the 16S-23S rRNA gene ITS region, as well as the presence and location of tRNA-alanine coding regions within the ITS, was determined for 576 clones. Clones representing unique ITS-LH-PCR sizes were sequenced and identified. Dramatic shifts in bacterial composition (changes within subgroups or clades) were observed for the Alphaproteobacteria (Roseobacter clade, SAR11), Cyanobacteria (Synechococcus), and Actinobacteria, suggesting strong seasonal variation within these taxonomic groups. Despite large gradients in salinity and phytoplankton parameters, a remarkably homogeneous bacterioplankton community was observed in the bay in each season. Stronger seasonal, rather than spatial, variation of the bacterioplankton population was also supported by denaturing gradient gel electrophoresis and LH-PCR analyses, indicating that environmental parameters with stronger seasonal, rather than regional, dynamics, such as temperature, might determine bacterioplankton community composition in the Chesapeake Bay.
Estuaries rank among the most productive and dynamic aquatic ecosystems on earth. Mixing of fresh and marine waters and significant recycling of nutrients and organic matter production provide strong environmental gradients to the microbes living in these ecosystems. A number of studies have shown that the compositions of freshwater and marine pelagic microbial communities are fundamentally different (20, 28) . Analyses of rRNA genes from open-ocean samples show that bacterioplankton generally contains representatives of the SAR11 (Pelagibacter ubique), SAR116, and Roseobacter clades of the Alphaproteobacteria, the SAR86 clade of the Gammaproteobacteria, the Synechococcus group of Cyanobacteria, and members of the phylum Bacteroidetes (12, 20, 29, 58, 75) . In contrast, among 34 clades identified as typical freshwater bacteria are species associated with Alphaproteobacteria, Betaproteobacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia, with relatively little overlap with the marine clades (28, 82) . As an ecotone between the freshwater and marine realms, estuaries contain typical taxa from both environments (20) and bacterioplankton appear to undergo strong physiological stresses that can result in variations in biomass, activities, and population composition (42, 69, 73, 78) .
The composition of bacterioplankton communities has been studied in a number of estuaries, mostly relatively small systems with short residence times. These include the Columbia River estuary (20) , the San Francisco Bay (39) , the Weser River estuary in Germany (68) , the Parker River estuary (21) , the Rhone River estuary in France (78) , the Ria de Aveiro estuary in Portugal (35, 36) , the Changjiang River estuary in China (67) , the Moreton Bay estuary in Australia (37) , and the Delaware River estuary (19, 46) . We have also recently studied the spatial and temporal variations of Chesapeake Bay bacterioplankton (44, 45) . The majority of these studies used fingerprinting approaches (i.e., denaturing gradient gel electrophoresis [DGGE] , terminal restriction fragment length polymorphism [RFLP] , and automated ribosomal intergenic spacer analysis) or FISH (fluorescence in situ hybridization) to monitor bacterial community changes at a relatively broad resolution along the salinity gradient or over time. However, the results of these studies do not result in a consistent picture of estuarine bacterioplankton spatial and temporal dynamics. In some studies, dominant populations shifted from Betaproteobacteria in freshwater to Alpha-and Gammaproteobacteria in marine sections (10, 36, 67) . However, Selje and Simon (68) reported that Alpha-, Beta-, and Gammaproteobacteria each constituted about 10% of the community, with no pronounced changes among the various sections of the Weser River estuary. In terms of temporal variation, the picture is similar. For instance, the middle Ria de Aveiro estuary and the Chesapeake Bay exhibited pronounced temporal variations (36, 44) but, in contrast, no significant temporal variation was observed in the Weser River estuary (68) . Combined, these observations suggest that the factors that determine the community composition of estuarine bacterioplankton might have a strong regional or physiographic component.
Although the composition of estuarine bacterial communities at a high taxonomic resolution has not yet been well defined, unique estuarine populations have been reported for the Columbia, Parker, and Weser River estuaries and the Plum Island Sound (20, 21, 68) . Most of the bacterioplankton defined as typically estuarine was closely related to typical freshwater or marine bacterial groups and belongs to the phyla Proteobacteria, Bacteroidetes, and Actinobacteria (21) , with these estuarine phylotypes occurring within a wider salinity range than what is considered typical for freshwater or marine biota (20, 68) . Finally, it has been hypothesized that the development of local estuarine bacterial communities depends on both the residence time and growth rate of the bacterial populations in an estuary (21) . For example, Crump and colleagues showed that unique estuarine bacterial communities formed in the Parker River estuary and the Plum Island Sound only in summer and fall, when residence times were longer than bacterial doubling times (21) .
The Chesapeake Bay is the largest and one of the most well-studied estuaries in the United States, with a long average residence time (i.e., 7 months) (54) . In general, the main freshwater inputs to the bay (ca. 82%) are from the Susquehanna (52%), Potomac (18%), and James (12%) Rivers (14) . Extensive surveys in the main stem of the bay have shown that bacterioplankton biomass, production, growth rates, and respiration vary over time and space (42, 69) . In general, bacterioplankton biomass and activity peak in the middle bay region (69, 73) and in nonsummer seasons, when the temperature is below 20°C, bacterial activities are highly correlated with temperature (69) . In summer, bacterioplankton appears to be resource limited in the northern and southern regions of the bay, as bacterioplankton activity responded to experimental enrichments with organic substrates and inorganic nutrients (70, 73) . However, a lack of response to these enrichments in the middle bay region led to the suggestion that bacterivores control the bacterioplankton biomass and activity in this region (23) .
Whether these seasonal and spatial variations in bacterioplankton bulk activities are a function of differences in bacterioplankton community composition remains an open question. The community composition of the Chesapeake Bay bacterioplankton has been investigated by using a variety of molecular tools, including analysis of 5S rRNA patterns (9, 55) , FISH (34) , and 16S rRNA-based DGGE analysis (44, 45) , and community composition appeared to have a higher temporal than spatial variation (44, 45) . However, in these studies community composition was described at broad phylum and class levels or only single genera or species were considered. Remarkably, to date, cloning and sequencing of 16S rRNA genes have not been applied to bacterioplankton from the Chesapeake Bay or other large estuaries with long (Ͼ6-month) average residence times.
Typically, clone libraries are constructed from environmental samples and 16S rRNA genes are sequenced to determine the phylogenetic origins of the clones recovered. Preliminary screening for identical or closely related clones is typically performed by using RFLP analysis to avoid redundant sequencing. This type of analysis is labor intensive and timeconsuming, and inferences of clone phylogenetic identity from RFLP patterns are, in general, not possible. Recently, a novel high-throughput analysis, internal transcribed spacer (ITS) length heterogeneity (LH) PCR, was developed for the screening of rRNA-containing clones in large-insert genomic libraries (76) . Based on the length of the entire ITS region (53) and the location of the tRNA-alanine in these regions (76) , identification of environmental clones to the subclade level was possible. This approach has been so far only applied to multiplex screening of genomic libraries of marine bacterioplankton or freshwater environments (53, 76) , and thus, here we evaluated its applicability to the screening of PCR-based ribosomal operon libraries of estuarine bacterioplankton that were likely to contain clades from both freshwater and marine environments. Six rRNA operon clone libraries were constructed from the northern, middle, and southern Chesapeake Bay in the cold and warm seasons, respectively. Temporal and spatial dynamics of bacterioplankton were determined on the basis of the compositions of these clone libraries. DGGE and LH-PCR were also applied to the same water samples, and the results were compared to those of the clone library analyses.
MATERIALS AND METHODS
Sample collection. Water samples were collected at three stations along the longitudinal axis of the Chesapeake Bay on 26 to 30 September 2002 and 4 to 8 March 2003. Stations 908 (39°08ЈN, 76°20ЈW), 818 (38°18ЈN, 76°17ЈW), and 707 (37°07ЈN, 76°07ЈW) were chosen to represent the northern, middle, and southern areas of the bay, which covered the salinity gradient in the Chesapeake Bay (Fig.  1) . The Chesapeake Bay is a partially mixed estuary, and the bottom layers are anoxic in the summer. In order to evaluate primarily the diversity in the estuarine transition, we used near-surface samples (taken at a 2-m depth) in the mid-stem of the bay. At each station, 500-ml subsamples were taken from a 10-liter Niskin bottle aboard the research vessel Cape Henlopen and filtered immediately through 0.2-m-pore-size polycarbonate filters (47-mm diameter; Millipore, Billerica, MA). The filters were stored at Ϫ20°C prior to DNA extraction. Water temperature, salinity, and the dissolved oxygen concentration were recorded with a Sea-Bird 911 CTD.
Chl a and nutrients analyses. Chlorophyll a (Chl a) data were only collected during the March 2003 cruise and were kindly provided by Wayne Coats of the Smithsonian Environmental Research Center. Duplicate samples (100 ml) from each station were vacuum filtered (Ͻ150 mm Hg) onto 25-mm Whatman GF/C filters, and Chl a was extracted in 90% acetone for 24 h at 4°C in the dark. Chl a concentration was determined fluorometrically with a Turner Designs 10-AU fluorometer. Concentrations of inorganic nutrients, including ammonia, nitrite and nitrate, and phosphate, were determined with a Technicon AutoAnalyzer II at the Horn Point Analytical Services Laboratory (www.hpl.umces.edu/services /as.html). The analysis conformed to the standard methods for chemical analysis of water and wastes proposed by the U.S. Environmental Protection Agency (79) .
Synoptic data. The Chesapeake Bay is a highly monitored system, and we were able to retrieve synoptic data from a variety of online data repositories. Historical salinity values were retrieved from the Chesapeake Bay Program (CBP) water quality (WQ) database (http://www.chesapeakebay.net/wqual.htm). Monthly to biweekly Chl a concentrations estimated from in vivo fluorescence, as well as cell extracts, were retrieved from the CBP-WQ and fluorescence databases. Although the CBP stations do not have the exact same coordinates as our stations, they are within 2 to 3 km, mostly on the main axis of the bay. Thus, for clarity, we will refer hereafter to CBP southern bay stations CB7.3, CBI-707O, and CBI-707P interchangeably as station 707; to middle bay stations CB5.1 and CBI-818P interchangeably as station 818; and to northern bay stations 3.2 and CBI-908 interchangeably as station 908.
In order to increase the temporal resolution of Chl a around the sampling times, 8-day, 9-km resolution, level 3, merged aqua-MODIS/SeaWIFS remotesensed Chl a concentrations were retrieved from the National Aeronautics and Space Administration OceanColor Web (http://oceancolor.gsfc.nasa.gov) (24) and plotted with the SeaDAS package (http://oceancolor.gsfc.nasa.gov/seadas) (7). We are aware of the problems with overestimation of Chl a in estuarine VOL. 73, 2007 DIVERSITY OF CHESAPEAKE BAY BACTERIOPLANKTON 6777 systems by SeaWIFS (32) and likely by aqua-MODIS (L. W. Harding, personal communication), and thus these data were only used in a relative fashion. Enumeration of bacteria and viral particles. Subsamples of 50 ml of water were fixed in 1% glutaraldehyde and stored at 4°C. For bacterial cell counts, 1 ml of fixed sample was filtered onto a 0.2-m-pore-size black polycarbonate membrane filter (Osmonics, Minnetonka, MN). For viral particle counts, 200 l of fixed sample was mixed with 800 l of Tris-EDTA-sucrose buffer and filtered onto a 0.02-m-pore-size 25-mm Anodisc membrane filter (Whatman, Maidstone, United Kingdom). Samples on filters were stained with 2.5ϫ SYBR gold solution for 15 min in the dark as previously described (16) . Viral particles were enumerated under blue excitation (485 nm) on a Zeiss Axioplan epifluorescence microscope (Zeiss, Jena, Germany). At least 200 bacterial cells or viral particles were counted per sample.
Extraction of nucleic acids. Bacterial genomic DNA was extracted by a phenol-chloroform protocol as previously described (45) . DNA concentration was measured by determining absorbance at 260 nm with a SmartSpec 3000 spectrophotometer (Bio-Rad, Hercules, CA) and assuming that 50 ng/l corresponds to an absorbance of 1 optical density unit.
Clone library construction. Clone libraries containing a large portion of the rRNA operon (16S rRNA gene-ITS-23S rRNA) of bacterioplankton from the six samples described above were constructed by PCR with primers 16S-27F (26) and 23S-1933R (5) (see Table S1 in the supplemental material) as previously described (77) , except that (i) Platinum HIFI polymerase mix (Invitrogen, Carlsbad, CA) was used and provided hotstart amplification, (ii) PCR products were A tailed with the QIAGEN A addition kit (QIAGEN, Chatsworth, CA), and (iii) products were cloned with the TOPO TA cloning kit (Invitrogen, Carlsbad, CA) by following the manufacturer's instructions. A total of 576 clones from six libraries were picked for further analysis.
Library screening by ITS-LH-PCR and sequencing. For two libraries, CB1 and CB2, clones were grown overnight in U-bottom microtiter plates (Corning, Acton, MA) and cells were pelleted at 3,000 rpm for 10 min in a Legend T plate centrifuge (Sorvall, Asheville, NC). Plasmids were isolated by a standard alkaline-lysis protocol (6) with a Hydra 96 microfluidic dispenser (Matrix Co., Hudson, NH). For the remaining libraries, 50 l of cells grown overnight were pelleted in 96-well PCR plates as described above, the supernatant was withdrawn, and the cells were resuspended in 20 l of 10ϫ Platinum Taq PCR buffer. The cells were lysed for 5 min at 94°C, cell debris was pelleted as described above, and 1 l of the supernatant was used for ITS-LH-PCR.
ITS-LH-PCR was performed as previously described (75), with some modifications. Briefly, for 96 clones of each library, two separate reaction mixtures were set up with different primer pairs; 6-carboxyfluorescein-labeled 16S-1406F (47) and unlabeled 23S-66R were used to amplify the ITS region, and 6-carboxy-2Ј,4,4Ј,5Ј,7,7Ј-hexachlorofluorescein-labeled 16S-1406F and unlabeled tRNAalaR were used to amplify the tRNA fragment (47, 75) (see Table S1 in the supplemental material). After the analysis of CB1 and CB2 revealed that a number of clones did not produce an ITS amplicon because of mismatches to Actinobacteria and Bacteroidetes by the original 23S-66R primer, modified 23S-66R primer versions targeting these groups were designed. Thus, the new 23S-66R primer represents a mixture of these different primer versions (see Table S1 in the supplemental material).
Labeled fragments were discriminated with an Applied Biosystems 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA) in Genescan mode. Sizes of ITS and tRNA fragments were determined with the Genescan software (Applied Biosystems) and the GS2500 size standard (Applied Biosystems). Escherichia coli ITS and tRNA fragments amplified from the residual E. coli genomic DNA during the template preparations were used as positive controls for PCRs. The phylogenetic origin of clones represented by different combinations of fragment pairs was determined in comparison to previously measured fragment sizes (75) . Clones representing novel combinations, as well as those without amplified fragments with both primer pairs, were identified by sequencing of 16S rRNA genes by the dideoxy termination reaction with the Big Dye V3.1 kit (Applied Biosystems, Foster City, CA). A thorough phylogenetic analysis of the clones retrieved was performed and will be presented elsewhere (J. Kan et al., submitted for publication).
LIBSHUFF and ͐-LIBSHUFF. In order to compare the compositions of the six clone libraries, LIBSHUFF (71) and ͐-LIBSHUFF (66) analyses were performed with 592 homologous positions between positions 48 and 720 of the E. coli numbering system and the Jukes and Cantor distance metric (43) . After we got the unique pair size by ITS-LH-PCR, sequences of five of six clones from randomly chosen operational taxonomic units (OTUs) were compared and high similarity (equal to or greater than 98.7%) was observed within OTUs. Therefore, 98.7% was our cutoff to define our OTUs. Since only a subset of clones belonging to each of the OTUs defined by ITS-LH-PCR was sequenced, virtual sequences were created for nonsequenced clones by assigning (copying) clone sequences in each OTU to nonsequenced clones in the same OTU, observing the criterion that these virtual sequences represented a copy of a clone sequence from the same library. DGGE. Partial 16S rRNA genes from each microbial community were amplified by PCR with primers 16S-1070F and 16S-1392R (25, 52) (see Table S1 in the supplemental material). PCR amplicons were subjected to DGGE analysis by a previously described protocol (44) . Briefly, PCR products were loaded onto polyacrylamide gels with a gradient of 40 to 55%. Electrophoresis was run at 60°C in 1ϫ TAE buffer and 70 V for 16 h, and the gel was stained with SYBR gold (Invitrogen, Carlsbad, CA). Representative DNA bands were excised from the gel and reamplified, and a second DGGE was performed. PCR products were excised from reamplified bands, purified with the QIAGEN PCR purification kit (QIAGEN, Chatsworth, CA) according to the manufacturer's protocol, and sequenced as described above with primer 16S-1070F.
LH-PCR. Two hypervariable regions of the 16S rRNA gene (V1, E. coli 16S rRNA gene positions 72 to 101; V2, E. coli 16S rRNA gene positions 176 to 221) were analyzed by LH-PCR (74) with primers 16S-27F (labeled with 6-carboxyfluorescein) and 16S-355R (see Table S1 in the supplemental material). A modified protocol was used in which 0.25 U of Platinum Taq DNA polymerase (Invitrogen) and 5 pmol of each primer were used in 10-l (final volume) reaction mixtures run with 20 amplification cycles. One-microliter volumes of products were combined with 9 l of a GeneScan 2500 ROX size standard (5% vol/vol) in highly deionized formamide and denatured at 94°C for 5 min. Amplicons and standards were discriminated in an AB3100 genetic analyzer (Applied Biosystems). Amplicon sizes and relative fluorescence were determined with the Genescan 3.7 software (Applied Biosystems). Peaks with less than five times the baseline fluorescence intensity were excluded from the analysis. The relative abundance of each peak was estimated by dividing the integrated fluo- Diversity analysis. Clone library coverage (C, the fraction of the population represented by the phylotypes that have been discovered in each clone library) was calculated by the equation C ϭ 1 Ϫ (n/N) ϫ 100, where n is the number of unique clones and N is the total number of clones examined (61) . OTUs were defined and confirmed by the ITS-LH-PCR data and sequencing of clones with unique paired sizes (with more than 98.7% similarity). Rarefaction curves were interpolated with the freeware program aRarefactWin (38) and the analytical approximation algorithm (40) and 95% confidence intervals (33) . The statistical methods used for the estimation of species richness and diversity indices were based on coverage. Coverage-based estimations of species richness, the Shannon-Wiener index (H) and Simpson's index (D) were calculated by the software SPADE (15) . For DGGE and LH-PCR, species richness (presence or absence) was estimated on the basis of the number of DGGE bands or LH-PCR peaks. Fig. S1 and S2 in the supplemental material). Total microphytoplankton counts reached 2.5 ϫ 10 4 cells/ml, mostly dominated by diatoms (1.4 ϫ10 4 cells/ml) and dinoflagellates (1.0 ϫ 10 4 cells/ml), in the northern bay (Table 2) . Diatoms accounted for approximately 88% of the total microphytoplankton in the middle bay (station 804) and continued to dominate the phytoplankton community (ca. 84%) in the southern bay (Table 2) .
RESULTS

Distinct environmental conditions between
ITS-LH-PCR.
High variability in the length of the ITS region and tRNA content between bacterial clades was observed (see Table S2 in the supplemental material). Sizes of ITS fragments varied significantly among the typical marine, freshwater, and estuarine bacterioplankton groups and ranged from 347 bp for planktonic marine Actinobacteria to 1,275 bp for Ahrensia sp. strain DFL-42. Sizes of tRNA fragments ranged from 260 bp for unclassified Bacteroidetes strain CB11B01 to 655 bp for the deltaproteobacterium Desulfotalea arctica (see Table S2 in the supplemental material). Very few overlaps occurred among members of different major groups, and this allowed a putative phylogenetic identification of clones with combined ITS and tRNA lengths. Genes coding tRNA-alanine were absent in several groups, including SAR86, SAR116, and Actinobacteria. In some cases, tRNA-alanine-encoding regions were found after sequencing but no corresponding ITS fragments were detected, likely because of primer mismatch. The modified versions of primer 23S-66R (including 23S-66R-Actino and 23S-66R-Bactero; see Table S1 in the supplemental material) greatly improved the detection of clones associated with Bacteroidetes and Actinobacteria, and thus we used these primers to analyze all of the libraries and we recommend its use for future analyses. ITS-LH-PCR fragment sizes of bacterioplankton with marine origin agreed well with sizes measured in a previous study (76) and estimated sizes from sequences deposited in GenBank. However, Chesapeake Bay clones contained a much broader spectrum of ITS-LH-PCR fragment sizes, indicating a high diversity of bacterioplankton in the Chesapeake Bay estuary. This finding extended the current ITS-LH-PCR size database to estuarine bacterioplankton, allowing putative identification of a wider diversity of environmental clones from aquatic environments without sequencing and will facilitate the future screening of large-insert genomic clone libraries.
Different bacterial community compositions seen in the warm and cold seasons. The clonal composition and distribution frequency of major bacterial clades (phyla and classes) varied considerably between the warm and cold seasons (Table  3) More dramatic shifts in community composition between the cold and warm seasons were seen at the subgroup level (Table 3) (Table 3) . Of the 85 clones recovered at station 908 in the cold season (March 2003), 15 were closely related to strain ARK9990, which was isolated from Arctic Sea ice (11) , and 20 were closely related to a psychrophilic species, Pseudorhodobacter ferrugineus (64) (Table 3 ). These two phylotypes were prevalent in the northern bay in the cold season but were not detected in the warm season.
Low spatial variations in bacterial communities. Despite the strong environmental gradients, LIBSHUFF and ͐-LIBSHUFF analyses indicated low spatial heterogeneity of the bacterial community composition in the Chesapeake Bay. Overall, the results of LIBSHUFF and ͐-LIBSHUFF were comparable except for one case (March 2003, station 908 versus station 818), where LIBSHUFF analysis indicated that two libraries were different while ͐-LIBSHUFF did not (Table 4) . In September 2002, the bacterial composition of the northern bay (station 908) was not significantly different from that of the middle bay (station 818) (both P values, 0.2995 and 0.0723, are greater than the critical P value, 0.0085), while that of the southern bay (station 707) was significantly different from those of the other two stations (both P values, 0.0004 and 0.0073, are less than the critical P value, 0.0085). Likely the presence of some clones associated with Gammaproteobacteria (such as Acinetobacter junii, RedeBAC7D11, KTC1119, and SAR86-II) and Bacteroidetes, as well as the absence of freshwater Actinobacteria I, II (80), and IV (Kan et al., submitted), contributed to this difference (Table 3) . In March 2003, the middle bay (station 818) and the southern bay (station 707) were not significantly different (both P values, 0.1585 and 0.7037, are greater than the critical P value), while the northern bay (station 908) was significantly different (P ϭ 0.05, Table 4 ) from the middle and southern bay stations (both P values, 0.0011 and 0.0000, are less than the critical value). In March 2003, the predominance of members of the Rhodobacter (P. ferrugineus) and Roseobacter (Arctic Sea ice ARK9990) clades in the northern bay (each group made up 18% of the clone libraries, Table 3 ) contributed to the spatial difference seen in the LIBSHUFF and ͐-LIBSHUFF analyses. Gammaproteobacteria and Bacteroidetes in the northern bay were also different from those in the middle and southern bay (Table 3) .
Spatial and temporal patterns revealed by DGGE and LH-PCR. Distinct seasonal patterns of bacterioplankton populations were also seen on the basis of the DGGE analysis (Fig.  2) . The majority of the bands present in September 2002 were absent in March 2003, and vice versa. However, within the same cruise, the northern, middle, and southern bay samples had many bands in common. Alphaproteobacteria (bands 1, 2, 3 (44) .
In agreement with clone library and DGGE analyses, samples collected in different regions during the same cruise showed similar LH-PCR electropherogram profiles (Fig. 3) . LH-PCR yielded more peaks in September 2002 than in March 2003 (Fig. 3) . On the basis of the calculated values of the LH (60, 74) , major groups and their relative abundances were putatively assigned to each peak. Overall, the LH of PCR products varied from 313 to 376 bp (Table 5) . While it was difficult to assign origins to the peaks because of size overlaps, semiquantitative information could be obtained on the basis of the presence and relative intensities of the peaks identified (Table 5 ). For instance, peaks assigned to SAR11-IA and (Table 6 ). When calculating species richness, the estimated coefficients of variation for the six clone libraries were higher than 0.8 and therefore the nonparametric estimator ACE_1 (modified abundance-based coverage estimator) was applied to estimate species richness (15) . The estimated species richness of the six clone libraries ranged from 60 to 96, respectively (Table 6 ). However, no significant difference was observed between the cold and warm seasons (paired t test, P Ͼ 0.05) in terms of overall bacterioplankton complexity, as shown by the ShannonWiener index and the Simpson index ( Table 6 ).
The total number of DGGE bands ranged from 28 to 45, while LH-PCR peak richness ranged from 11 to 22 (Table 6 ). In contrast to the clone library analysis, both DGGE and LH-PCR analyses showed significantly higher richness in September 2002 than in March 2003 (paired t test, P ϭ 0.027 for DGGE and P ϭ 0.001 for LH-PCR).
DISCUSSION
Cold versus warm bacterial populations in the bay. The clone library analysis of Chesapeake Bay bacterioplankton added significant new information to the current knowledge of the population structure and seasonal variations of estuarine planktonic bacteria. Alphaproteobacteria was one of the predominant bacterial groups in the Chesapeake Bay and was composed of three major subgroups, SAR11, Roseobacter, and Rhodobacter. SAR11-related bacteria are known to be abundant and ubiquitous in various marine environments (27, 50) . SAR11-related clones appeared in the bay only in the warm season, and this was in line with our previous observations based on the DGGE patterns in the Baltimore Inner Harbor and the Chesapeake Bay (44, 45) . This observation is also consistent with previous studies of other estuarine ecosystems, with the SAR11 group in very low abundance or absent in winter and early spring (20, 21, 35, 51) . Furthermore, populations of SAR11 at the Bermuda Atlantic Time-Series study site (50, 51) increased during the summer and decreased during the winter. Finally, a previous phylogenetic analysis of ITS regions separated the SAR11 clade into distinct clusters that were associated with temporal (e.g., temperature) but also geographic variations in environmental parameters (13) . Overall, these results suggest that the distribution of the SAR11 group in coastal and estuarine regions correlates with but is not necessarily a function of water temperature.
The prevalence of roseobacters in the March 2003 clone libraries suggests that they are able to thrive in cold water (average, 2.5°C throughout the bay). Roseobacters (except for Chesapeake Roseobacter I and V; Kan et al., submitted) made up more than one-third of the winter bacterial community in the bay (Table 3 ). The occurrence of marine roseobacters in winter is also consistent with our multiyear investigation in the bay based on the DGGE analysis (44) . A hallmark of cold adaptation of microorganisms is the presence of proteins containing the cold shock domain (31, 48) . Cold shock gene homologues have been found in several Roseobacter genomes, including Silicibacter pomeroy (49) , Silicibacter strain TM1040, and Jannaschia sp. strain CCS1 (www.jgi.doe.gov). For instance, Silicibacter strain TM1040 contains two cold shock gene homologues, CSP-A1 and CSP-E (R. Belas, personal communication). In contrast, no cold shock gene homologues are found in some "warm-water species" such as Synechococcus spp. (www.ncbi.nlm.nih.gov/genomes/lproks.cgi). Having these cold shock genes may provide a competitive advantage to marine roseobacters in cold seasons. Moreover, a close relation- ship between roseobacters and phytoplankton has been reported (4, 30, 62, 81) . Many roseobacters are able to turn over dimethylsulfoniopropionate released from microalgae (30, 81) and are commonly found associated with phytoplankton blooms (4, 62) . 2003 was a high-flow year in the Chesapeake Bay, and the highest river discharge occurred in March 2003 (2) . Large amounts of nutrients carried by river runoffs resulted in a major phytoplankton bloom in the upper bay that was dominated by diatoms and dinoflagellates (Table 2) . We propose that the cold adaptation and symbiotic relationship with phytoplankton could partially explain the prevalence of marine roseobacters in the cold season. It was noteworthy that a high percentage of clones very closely related to Arctic Sea ice strain ARK9990 was seen in the northern bay but not in other stations in March 2003. The northern bay also contained abundant Rhodobacter-related clones in the cold season, and most of these clones were closely affiliated with P. (Agrobacterium) ferrugineus, a psychrophilic bacterium isolated from deep sediments in the North Atlantic Ocean (64) . Our previous studies in the Baltimore Inner Har- (Table 2) . Chesapeake Bay picocyanobacteria are known to be dominated by a unique group of estuary-adapted Synechococcus bacteria, which are different from oceanic Synechococcus bacteria (17, 18) .
Lower spatial than temporal heterogeneity in the Chesapeake Bay. The LIBSHUFF and ͐-LIBSHUFF analyses showed that the northern bay in March 2003 and the southern bay in September 2002 contained bacterial communities that were different from the other two samples collected during the same cruise (Table 4) , even though these differences were not pronounced on the basis of DGGE and LH-PCR analyses. The strong river runoff and consequent phytoplankton bloom in the upper bay in March 2003 and ocean water influx in September 2002 might be the main causes of these spatial differences in bacterial communities. The high frequency of Betaproteobacteria and freshwater Actinobacteria in March 2003 samples also supports the influence of freshwater runoff, while the predominance of Gammaproteobacteria and planktonic marine Actinobacteria indicates the effect of ocean water in the southern bay. Spatial variations in bacterial community structure along the salinity gradients of estuaries have been reported (10, 20, 21, 35, 37, 67) . The effect of salinity on microbial diversity appears to be more severe in the low-salinity (Ͻ5 ppt) or high-salinity (Ͼ30 ppt) end, and 5 ppt has been used in the past as a salinity cutoff for separating freshwater and estuarine bacterial communities (36) . The salinities of the six samples analyzed in this study ranged from 10 to 27 ppt (Table 1) . Although osmotic stress is known to have negative effects on cell survival (8) , the salinity range in this study appeared to have a limited impact on estuarine bacterial diversity patterns.
In general, spatial variations in bacterioplankton communities in the Chesapeake Bay were much less pronounced compared to the temporal variations. LIBSHUFF and ͐-LIBSHUFF analyses (Table 4) 100 km apart, in a physically heterogeneous environment such as the Chesapeake Bay was quite remarkable. This could result from long average residence times, from relatively fast water exchange between these stations through estuarine circulation, or more likely from similar selective pressures exerted by similar environmental parameters among these stations. Temperature and daylight duration are obvious examples of parameters similar at these geographic scales, but many others might exist. Long average residence times are again critical to allow sufficient time for these selective forces to homogenize populations in different regions of the bay. The average residence time of the Chesapeake Bay is on the order of several months and is several orders of magnitude longer than the doubling time of bacteria in the bay (54) , thus allowing the development of stable distinct bacterial populations in this estuarine system (21) .
Methodological considerations. Clone library analyses of bacterial spatial and temporal variations in the Chesapeake Bay provide useful information on the interactions between the population structure and environmental parameters. However, with the large number of samples collected in a multipleyear investigation, it is difficult to apply clone library analysis to all of the samples. Therefore, linking the limited data on six clone libraries to environmental parameters might bias the views on the environmental effects on bacterial community changes. In order to investigate the interactions between bacterial community variation and key environmental parameters, we previously applied DGGE to monitor the multiple-year bacterial community fingerprints. Statistical analyses indicated that the community structure variations significantly correlated with water temperature and Chl a, while inorganic nutrients, dissolved oxygen, and viral abundance also contributed (44) .
16S-23S rRNA ITS regions display significant heterogeneity in both length and nucleotide sequence, providing higher taxonomic resolution than 16S rRNA genes, and thus have been extensively used to distinguish closely related species or even strains of single species (18, 41, 63) . Chesapeake Bay Synechococcus clones, members of different subclades of freshwater Actinobacteria, the Roseobacter clade, and different phylotypes of Gammaproteobacteria and Bacteroidetes could be easily distinguished by ITS-LH-PCR fragments sizes (see Table S2 in the supplemental material), and the phylogeny of ITS sequences of the Synechococcus clones has previously confirmed the divergence between the marine cluster A and B Synechococcus clades (18) . However, variable paired sizes of ITS-LH-PCR were commonly observed in very closely related (Ͼ98% similarity) phylotypes on the basis of 16S rRNA gene sequences (i.e., Roseobacter DI4 clade, Betaproteobacteria GKS98 clade). The existence of multiple copies of rRNA operons with variable spacer regions in the genomes of these organisms or relatively higher rates of evolution of spacer regions in these groups could explain this observation. Furthermore, not all of the known bacteria contain typically organized rRNA operons. Thus, the operon cloning and ITS-LH-PCR prescreening missed those bacteria lacking the typical operon structures, which might have underestimated the bacterial diversity in the Chesapeake Bay, although comparison to a previous study that used DGGE (44) indicates that this was not likely.
In order to evaluate the effect of virtual sequences in LIBSHUFF and ͐-LIBSHUFF, we estimated the minimal similarity between different sequences in each of the OTUs. The minimal similarity measured (98.7%) indicates that the virtual sequences should only affect the calculation of homologous coverage by LIBSHUFF and ͐-LIBSHUFF above 98.7% sequence similarity. Heterologous coverage, on the other hand, would be impacted less by virtual sequences, since they represent a copy of a clone sequenced from each individual library and thus are less likely to be identical to virtual sequences from other libraries. Delta-C values would, in turn, be overestimated by LISBSUFF and ͐-LIBSHUFF above a 98.7% distance, and the P value for our analyses would be lower (W. B. Whitman, personal communication). For libraries to be statistically significantly different, the lower of the two P values from each pairwise comparison has to be equal to or lower than the critical P value. Most of the P values for the spatial pairwise comparisons in our analyses were higher than the critical P value, even with the "underestimation" of the P value caused by our virtual sequences. Thus, the virtual sequences should make the libraries appear more different than they really are and the observation of low spatial heterogeneity of Chesapeake Bay bacterioplankton should hold. The three independent methods (clone library analysis, DGGE, and LH-PCR) were consistent for the major bacterial groups despite the fact that different primers were used for each method. Approximately 70% of the DGGE band sequences were similar to clone sequences in the libraries (data not shown). A major discrepancy between DGGE and clone library analyses was the presence of Planctomycetes in DGGE analysis and not in the clone libraries. The absence of Planctomycetes in clone libraries was likely caused by known mismatches between 16S rRNA genes from this clade and the 27F primer used in PCRs for clone library construction. Nevertheless, it was clear that clone library analysis provided the highest "species" richness among the three methods (Table 6 ). In order to further quantify the dominance of different phylogenetic groups, quantitative PCR or specifically designed FISH must be applied to the Chesapeake Bay.
Conclusion. This study represents the first clone library analysis performed for bacterioplankton in the Chesapeake Bay or any large estuary with a long average residence time. Seasonal and spatial distributions of Chesapeake Bay bacterial populations in many cases reflected environmental fluctuations. Genetic diversity of the microbial community has been explored with a variety of molecular tools, and recently a new view of bacterial diversity has been uncovered by massive pyrosequencing analyses, which allows the exploration of the "rare biosphere" (70) . It has been predicted that the number of different microbial taxa in water samples ranges from a few hundred to one million (1, 22, 65) . We believe that estuarine bacterial communities are far more complex than what we learned from the clone library analysis and that, in fact, understanding the diversity and ecology of these systems is in its infancy.
